Abstract. This study investigates precipitation variability in five regions of Southern Italy (Campania, Apulia, Basilicata, Calabria and Sicily) using a homogeneous database of about 70 rain gauges with more than 50 years of observation. First, a statistical analysis was performed through the MannKendall non-parametric test in order to determine rainfall the trend on both yearly and seasonal scales. Then, the relationship between the rainfall and some teleconnection pattern indexes was investigated using Spearman's test. The results show remarkable statistically significant negative trends for annual and winter aggregations in most part of the series. Moreover, a strong correlation has emerged between the teleconnection patterns and precipitation in Southern Italy, particularly in winter and on the Tyrrhenian side of the study area.
Introduction
Extensive research on climate change, and on its potential, large-scale, environmental and economic consequences, has been carried out during the last 20 years. In particular, rainfall trend evaluations on large spatial scales have shown a significant increment in Northern and Central Asia, in the eastern parts of North and South America, and in Northern Europe (Sharma et al., 2000; Hamilton et al., 2001; Boyles and Raman, 2003) . In contradistinction, growing dry conditions have been observed in the Sahel, in the Mediterranean area, in Southern Africa and Southern Asia (Hess et al., 1995; Liu et al., 2008; Lebel and Ali, 2009) . Regarding the MediterCorrespondence to: E. Ferrari (ferrari@dds.unical.it) ranean area, several studies have been carried out to investigate trends in annual and seasonal precipitation on a large scale (Kutiel et al., 1996; Piervitali et al., 1998; Xoplaki et al., 2006 ) and for entire nations or regions (Amanatidis et al., 1993; Esteban-Parra et al., 1998; De Luis et al., 2000; Feidas et al., 2007; Del Rio et al., 2010) . These analyses often revealed negative trends for annual and winter precipitation. Long precipitation records were investigated in Northern and Central Italy (Montanari et al., 1996; De Michele et al., 1998; Brunetti et al., 2006b ) and in Southern Italy (Palmieri et al., 1991; Brunetti et al., 2004 Brunetti et al., , 2006a Cotecchia et al., 2004) . In particular, significant annual and winter negative precipitation trends have been reported for limited areas of southern Italian regions, as in the case of Campania (Diodato, 2007; Longobardi and Villani, 2010) , Basilicata (Piccarreta et al., 2004) , Calabria (Coscarelli et al., 2004; Ferrari and Terranova, 2004; Caloiero et al., 2011) and Sicily (Aronica et al., 2002; Cancelliere and Rossi, 2003; Cannarozzo et al., 2006) .
Local changes in meteorological variables are mainly influenced by atmospheric circulation (Parker et al., 1994; Hurrel and Van Loon, 1997; Brunetti et al., 2002a) : for this reason, planetary-scale indexes are used to investigate some phenomena of local climate variability. These indexes are based on the difference in sea level pressure between two geographic areas, called centres of climatic action. Such an approach, called teleconnection, shows that climatic conditions in different geographical areas, even when relatively far away from each other, are interdependent. The most important indexes are the Southern Oscillation Index (SOI), best known as El-Niño Southern Oscillation (ENSO), evaluated between Tahiti and Darwin on the opposite sides of the Pacific Ocean (Ropelewski and Jones, 1987) , the North Atlantic Oscillation Index (NAOI), which represents fluctuations in the difference of pressure between the Azores area and the Sea of Iceland (Hurrell, 1995; Hurrel and van Loon, 1997) , numerous block indexes like the European Blocking Index (EBI), calculated between two points on the Atlantic Ocean (Wallace and Gutzler, 1981) , and the Arctic Oscillation Index (AOI), defined as the leading Empirical Orthogonal Function (EOF) of the Northern Hemisphere sea-level pressure (SLP) anomalies poleword of 20 • N weighted by area Wallace, 1998, 2000) . In addition to these indexes, which represent the behaviour of the atmosphere on a large scale, there are others which are evaluated on a smaller regional scale, such as the Mediterranean Oscillation Index (MOI), calculated as the difference of pressure between the western and the eastern part of the Mediterranean basin (Conte et al., 1989) ; the Western European Zonal Circulation Index (WEZCI), proposed by Slonosky et al. (2001) and constructed from Madrid, Barcelona, Lund and Trondheim; the Mediterranean Circulation Index (MCI), defined by Brunetti et al. (2002b) as the normalised pressure difference between one station located in the North-western Mediterranean (Marseille) and another in the South-eastern Mediterranean (Jerusalem); and the Western Mediterranean Oscillation Index (WeMOI), calculated as the difference between the standardised values in surface atmospheric pressure in San Fernando (Spain) and Padua (Italy) (Martin-Vide and Lopez-Bustins, 2006). Brunetti et al. (2002b) have analysed precipitation and wet days registered in Italy during the last half of the past century in relation to the NAOI, the WEZCI and the MCI. This study has demonstrated that the WEZCI and the MCI are more suitable for representing Italian precipitation variability since they capture a greater proportion of precipitation and wet day variance for all seasons. Specifically, the WEZCI is more representative of dry periods and the MOI more suitable for representing wet conditions. Martin-Vide and Lopez-Bustins (2006) consider the WeMOl significantly better than the NAOI to explain monthly pluviometric anomalies, and regard it as a useful tool to forecast torrential rainfall events in the northwestern zones of the Mediterranean (the eastern part of the Iberian Peninsula and the South of France).
In this study, we present the trend analysis of the annual and the seasonal rainfall series observed in Southern Italy during the period 1916-2003 and the evaluation of the influence of SLP anomalies on the pluviometric amounts. For the latter purpose, a correlation analysis between precipitation and some climatic indexes was performed using three indexes: the large scale NAOI, for its well known effects on European climate, and two local indexes, the WeMOI and the MCI, better centred on the Mediterranean basin. Finally, a composite analysis has been performed taking only the winter precipitation and the NAOI into account.
Data and methodology
The data sets gathered in the present study for the observation period 1916-2003 were collected from the hydrological reports of the former Hydrological Service. Given that some historical series lack information, especially during the World War II period (1940) (1941) (1942) (1943) (1944) (1945) (1946) (1947) (1948) (1949) , some data series were discarded when the number of years of observation was too low for statistical purposes (less than 50 years of observation data); then data was checked for homogeneities. Among the various methods used to solve homogeneity problems, there is currently no single objective one, and the choice of the most suitable procedure is strictly related to the data-set characteristics (metadata availability, station density, and so on) and to the region examined (Peterson and Easterling, 1994; Aguilar et al., 2003) . The homogenization approach and the database used in this work is similar to the one discussed in Brunetti et al. (2010) . Instead of using one single reference series (obtained, to say, as an average series of the neighbouring stations), each series was tested against other series by means of a multiple application of the Craddock test (Craddock, 1979) in sub-groups of 5 series. The break signals of one series against all others were then collected in a decision matrix and the breaks were assigned to the single series according to probability. Whenever a break needed to be corrected, the series used to estimate the adjustments was chosen among the neighbouring series, which resulted homogeneous in a sufficiently long sub-period centred on the break year, and which correlated well with the one to be corrected. Several series were chosen to estimate the adjustments required to improve their stability and to prevent unidentified outliers in the reference series from producing bad corrections.
The trend analysis was performed through the application of the simple non-parametric Mann-Kendall (MK) test. This test is a rank-based method for evaluating the presence of trends in time-series data without specifying whether the trend is linear or non-linear (Mann, 1945; Kendall, 1962) . To quantify the trend, a parametric analysis through the linear regression (LR) on seasonal and annual rainfall was carried out.
The connections between precipitation and large-scale atmospheric patterns were investigated by means of the nonparametric Spearman's rank correlation test applied to the rainfalls and the climatic indexes (Spearman, 1904) . Spearman's rank correlation coefficient (ρ) is a special case of the Pearson's product-moment coefficient in which the data are converted to ranks and then the difference D between the ranks is calculated for each pair of observations. The test is well suited for monotonically related variables, even when their relationship is not linear, as it is required in the case of Pearson's correlation coefficient.
The coefficient ρ is then given by:
where D is the difference between the ranks of corresponding values of the two variables, and N is the number of pairs of values.
The statistical significance of the regression was checked by using the two-tailed test of the Student's t-distribution by evaluating the probability of rejecting the null hypothesis regarding the absence of any relationship for the values of t with (N-2) degrees of freedom.
The values of the climatic indexes used in the study were provided by: the Climatic Research Unit (CRU) of the School of Environmental Sciences of the University of East Anglia in Norwich (http://www.cru.uea.ac.uk/cru/data/ pci.htm) for the NAOI, the Institute of Atmospheric Sciences and Climate (ISAC) of the Italian National Research Council (CNR) for the MCI, and the Group of Climatology of the University of Barcelona, Catalonia, Spain (http: //www.ub.edu/gc/English/wemo.htm) for the WeMOI.
With the aim to better assess the winter precipitation response to the climatic index variability, the composite normalised precipitation anomalies, corresponding to the extreme (negative and positive) NAOI phases, were computed for each station as presented by Türkeş and Erlat (2003) . The composite analysis refers to a negative (or weak) climatic index anomaly phase corresponding to normalised index values < −1 (NAOI − ) and to a positive (or strong) climatic index anomaly phase corresponding to normalised index values > +1 (NAOI + ). Each winter rainfall series, characterised by a mean value P m and a standard deviation σ , was divided into two subseries corresponding to the two different climatic index anomaly phases. Then, for each subseries, the mean precipitation (p m ) and the Composite Normalized Anomalies (CNA), given by the ratio between the difference (P m − p m ) and the standard deviation σ , were calculated to provide evidence of the influence of the extreme NAOI phases on the winter precipitation amounts.
Case study
The hydrological series analysed in this work are the seasonal and the yearly rainfall data observed in five regions of Southern Italy (Campania, Apulia, Basilicata, Calabria and Sicily), which occupy a total area of about 85 000 km 2 . As a result of the homogenisation procedure, 42 out of the 71 daily precipitation series were homogeneous, 26 were homogenised, and 3 were discarded because of their extremely low quality. Consequently, 68 rainfall series with an average density of 1 station per 1250 km 2 were considered in this work (Fig. 1) . The mean monthly rainfall distributions in the five regions clearly evidence the typical characteristics of the Mediterranean regime, with lower values observed in the summer period and higher values recorded during autumn and winter (Fig. 2) . In summer, the Azores anticyclone, extending over Southern Italy, favours a rather dry and temperate climate, while breeze circulations develop on the coast and inland (Federico et al., 2000) . In winter, fall and spring, when the Azores anticyclone retreats and the Siberian high extends over Northern Europe and Scandinavia, the Mediterranean cyclone develops, reaches Southern Italy and determines a colder and more humid climate than in the summer. In most parts of Southern Italy, orography controls the rainfall amount and distribution over the regions, as found only for the Calabria region by Colacino et al. (1997) , who also showed that the interaction between the orography and mesoscale circulations leads to a precipitation gradient between the eastern and western side of the peninsula. Numerical simulations of severe weather showed the crucial role played by orography, which enhances rainfall in localised spots (Federico et al., 2003a, b) or forces secondary cyclogenesis persisting over the Ionian side of Southern Italy (Federico et al., 2007) .
Discussion
In order to point out the temporal evolution of the precipitation in the study area, the percentage ratio of the moving 10-year average rainfall to the average value of the last decade (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) of the whole observation period was calculated only for the annual, winter and summer precipitation (Fig. 3) . A decreasing temporal evolution for the annual and, particularly, for winter rainfall is clearly shown, while a contrary, although weaker, behaviour emerges for summer precipitation. Quantitatively, the moving 10-year average rainfall values for the winter and the annual aggregations observed until the 1980s are about 25% and 17% respectively higher than the corresponding average values of the 1994-2003 decade.
To evaluate the trend in each rain gauge, the MK test was applied to the annual and seasonal series. A prevailing negative trend was detected for all the temporal aggregations with the exception of summer rainfall, which presented a widespread, albeit not significant, positive trend (Fig. 4) . Winter precipitation shows the most diffuse negative trend, approximately for 96% of the whole rain gauge set with 38% of significant results. A negative annual precipitation trend for 84% of the rain gauges was detected, significant for 40% of the whole series. No positive and significant trends were detected for the annual and the winter rainfalls. Minor percentages (9% and 18%, respectively) of rain gauges presented a significant negative trend in spring and autumn. On the contrary, an increase in seasonal rainfall (for 73% of the whole rain gauge set; only 4% significant) was observed in the summer. Under the assumption of a linear trend, the spatial distributions of the results obtained through the regression analysis are quite similar for the annual and the winter rainfalls (Fig. 5) , with the majority of the significant Figure 1 . Localization of the rain gauges used in the applications. values concentrated in Basilicata, Calabria and Sicily. In particular, considering only the significant trends evaluated through a linear regression, the average decrease is about 21 mm/10 years for annual precipitation and 12 mm/10 years for winter precipitation. The highest values are recorded in the Basilicata region at Lauria rain gauge (code 16) both for annual and winter precipitation: -113 mm/10 years for the annual precipitation and −61 mm/10 years for winter precipitation. High negative values were detected in the North and northwest sides of Sicily and in the central part of Calabria. The spatial distribution of the summer rainfall trend does not reveal any particular behaviour for both negative and positive values (Fig. 5) .
A correlation analysis was performed between the seasonal precipitation and the climatic indexes (NAOI, WeMOI, MOI) evaluated in the corresponding seasonal periods. The best correlations were obtained for the data observed in the autumn (Fig. 6 ) and winter periods (Fig. 7) . Regarding the correlations with the autumn data, the MCI provided the best results with the highest values of the correlation coefficients (up to 0.73) estimated at the rain gauges of Campania. A negative and significant correlation was obtained for almost all the rain gauges located on the Tyrrhenian side of the study area. Regarding the NAOI, a weaker correlation than the MCI was observed. On the contrary, the WeMOI showed a prevailing positive and non-significant correlation. As for the autumn season, the highest values of the correlation coefficient in winter were provided by the MCI (up to 0.62) mainly for the rain gauges of Campania, with negative and significant correlations all over the northern part of the examined area. For the NAOI, the significant negative correlation coefficients presented a more homogeneous distribution, even with lower values (up to 0.56) than the MCI. As regards the WeMOI, the values of the coefficient were higher than in autumn, with a prevailing positive correlation. The spatial variability of Spearman's coefficient between the eastern and western coasts of Southern Italy could depend on the orographic features (Apennine chain), which seem to affect the atmospheric circulation.
A composite analysis was performed on the NAOI and the winter rainfall because of the more homogeneous distribution of their statistically significant correlation coefficients (Fig. 7) . The results evidence a clear link existing between the phase of the climatic index and the amount of winter rainfall. In fact, for almost all the rain gauges, rainfall anomalies present an opposite sign compared with the phase of the NAOI (Table 1) . In particular, when the latter is negative, the average winter rainfall (p m ), for 63 out of 68 rain gauges, is greater than the average winter rainfall of the whole period (P m ), whereas the opposite happens when the NAOI is positive (Fig. 8) . The highest absolute values of the CNA (up to +0.93) occur during the negative phase of the NAOI and are mainly localised in Campania. Moreover, it is important to note that the areas where the highest values of Spearman's coefficients are detected (i.e. the Tyrrhenian side of Campania and Northern Calabria), also present the highest values of CNA in the extreme (negative and positive) NAOI phases (Figs. 7 and 8 ). This is a further confirmation of the influence of the NAOI extreme phases on the precipitation amount in winter.
Conclusions
This study initially performed a statistical analysis of the seasonal and annual rainfall trends in the period 1916-2003 for a set of 68 rain gauges located in Southern Italy. The preliminary analysis of the data has shown that the average values of the annual and winter precipitation observed until the 1980s are higher than the corresponding average values of the last decade of the observation period (about 17% and 25%, respectively). The analysis has evidenced significant negative Table 1 . Results of the composite analysis between the winter precipitation series and the NAOI. For each rain gauge, characterized by the long-term precipitation average P m and the standard deviation σ of the whole series, the CNA and the length of the subseries (n) were reported with reference both to the negative (NAOI) and the positive (NAOI + ) extreme phases of the index. (Geographic Coordinate System: Monte Mario). trends for almost all seasonal rainfall, while a positive trend in summer rainfall has been observed. In particular, the analysis revealed an average decrease in both annual and winter precipitation (about 21 mm/10 years and 12 mm/10 years, respectively), with the highest values of -113 mm/10 years for the annual precipitation and of −61 mm/10 years for winter precipitation.
ID
The correlation analysis between the rainfall and some teleconnection pattern indexes has provided significant results for the winter and the autumn periods, mainly in the case of the NAO and the MC indexes, with higher correlation coefficients observed especially for the rain gauges of the Tyrrhenian side of Campania region. A contrary relationship between the rainfall anomalies and the phase of the NAOI has emerged from the composite analysis, performed for the NAOI and the winter season. In particular, the average rainfall corresponding only to the negative NAOI phase is greater than the average rainfall of the whole observation period for the majority of the rain gauges, whereas the opposite occurs when the NAOI is positive. Moreover, the highest values of both Spearman's coefficient and the CNA values were observed in the same geographical areas (the Tyrrhenian side of Campania and Northern Calabria). These final results seem to confirm the influence of the western air currents on the behaviour of the rainfall regime of Southern Italy.
